Magnetoelectric effects at the atomic scale are demonstrated to afford unique functionality. This is shown explicitly for a quantum corral defined by a wall of magnetic atoms deposited on a metal surface where spin-orbit coupling is observable. We show these magnetoelectric effects allow one to control the properties of systems placed inside the corral as well as their electronic signatures; they provide alternative tools for probing electronic properties at the atomic scale.
It has long been appreciated that interesting and unique properties arise from the coupling between the charge and magnetic degrees of freedom in materials. Advances in our understanding of the physics regulating these properties have given rise to systems with a number of practical applications. Prominent examples include multiferroic materials, which exhibit simultaneous and cooperative ferroelectric and magnetic ordering, 1 as well as giant 2 and colossal 3 magnetoresistance materials, which exhibit substantial changes in their electronic transport with the application of small magnetic fields. These and other magnetoelectric (ME) effects -coupling charge and magnetic degrees of freedom -provide unique functionalities and hold promise for novel device applications. 4 With the continuing drive to miniaturize electronic devices, there is interest in better controlling or/and enhancing the functionality of nanoscale systems; there is particular interest in novel devices that utilize phenomena inherent/unique to these nanometer scales. 5 Here, we predict unique functionality in a nanoscale device arising from the coupling of charge and magnetic degrees of freedom in the ultimate miniaturization, namely where devices are built atom-by-atom. 5, 6 We demonstrate that the interplay of spin-orbit coupling and electronic scattering results in ME effects which enable exquisite control at the atomic scale. This control provides a powerful tool for manipulating the response of quantum systems, adding desirable functionalities not only for fundamental studies, but also for possible future devices built in a "bottom up" approach.
Our device system consists of a quantum corral (QC) on a metal surface with spin-orbit coupling (SOC) (e.g. Au(111) 7 ), where the QC's wall is made of magnetic atoms. We demonstrate the possibility of controlling the electronic properties of the QC by changing the magnetization of the atoms forming the QC's wall; we show that these ME effects allow one to control the properties of systems placed inside the QC as well as their electronic signatures. This control provides powerful alternative tools for probing and manipulating electronic properties at the atomic scale.
The Hamiltonian for the system has the form H=Ĥ QC +Ĥ 1 , whereĤ QC describes the QC, andĤ 1 describes a system we place inside the QC, whose properties will be controlled and/or probed (see below). We describe the QC by the HamiltonianĤ QC =Ĥ 0 +V , wherê H 0 describes a two-dimensional electron gas (2DEG) with SOC, andV is a scattering potential describing the QC's wall. The Hamiltonian for the 2DEG iŝ
where p is the momentum operator of the 2DEG, {σ µ } are the Pauli matrices, m * is the electron's band mass, and λ parameterizes the SOC. As described above, we are interested in the case where the QC's wall is made of magnetic atoms -being interested in the system's lowenergy properties, we treat the atoms as a collection of s-wave scatterers; 8 we takê
where r is the position operator of the 2DEG, V 0 describes the potential scattering, J is the exchange coupling between the (magnetic) atoms and the 2DEG, τ i is the spin operator of the i th atom, and the atoms are located at the positions {r i }. 9 The form(s) of H 1 will be specified subsequently.
In this work, we will be interested in the case where the atoms of the QC's wall are ferromagnetically (FM) ordered -we assume the atoms' moments are sufficiently large and treat them as classical variables: (J/2) τ i =M. The physical quantity of interest is the electronic local density of states (LDOS) in the QC, A(r, ω). [The differential conductance measured in scanning tunneling microscopy is proportional to A(r, ω).
10 ] This is obtained from the QC's retarded Green's function (GF) G(r, r ′ ; ω) via
where 10,11
In Eq. 4, the T -matrixT (ω) describes the influence of
is the bare GF of the QC, i.e. the GF in the absence ofĤ 1 .
9
In what follows, we choose (πρ 0 )V 0 =0.3 and (πρ 0 )|M|=0.5 (ρ 0 =m * /2π); 9 we consider physically reasonable values of the parameters for the 2DEG:
12 a Fermi energy E F =0.5eV, m * =0.26m e (m e is the bare electron mass), and λ=4×10 −11 eV·m. The results we show are for an elliptical QC with 40 atoms, similar to what has been realized experimentally:
13 (x/a) 2 +(y/b) 2 =R 2 with R=57.22Å, a/b=1.5, and (±c, 0)=(± √ a 2 − b 2 , 0) being the ellipse's foci; we will also comment about results obtained for a circular QC. It should be stressed the results we report are robust -changes in the relative size and phase of the ratio M/V 0 have only quantitative effects on the results, leaving our overall discussion and conclusions unaffected; furthermore, the corral's geometry can, in fact, be tuned to enhance/optimize the ME effects (depending on the parameters).
We begin by discussing the electronic properties of the QC (withĤ 1 =0). Fig. 1 shows a spatial scan of the LDOS at E F for different directions of M. Notice how the LDOS changes as one changes the direction of Mthe magnetization of the QC's wall and the SOC give rise to strong ME effects at the atomic scale. These effects are due to the breaking of SU(2) spin-rotation invariance by the SOC. Furthermore, the differences in the LDOS for M=|M|x and M=|M|ŷ in the elliptical QC are due to the breaking of rotational invariance -for a circular QC, the DOS for M=|M|x and M=|M|ŷ are identical. Fig. 2 shows the energy dependence of the DOS at particular points in the QC -changing the direction of M changes the energy dependence of the DOS; indeed, by carefully choosing the position in the QC, the changes can be quite pronounced [see Fig. 2(b) ]. For reference, the DOS with |M|=0 is also shown, as well as the DOS with λ=0 (in the inset).
The ME effects exhibited by this system could find utility in a variety of applications that exploit the spatial and/or energy dependence of the QC's LDOS. To illustrate the utility of the spatial dependence of the LDOS, we place a spin-1/2 magnetic impurity at a position R 0 inside the QC; we investigate how its low-energy properties depend on its position. We describe the magnetic impurity by the Hamiltonian
where τ is the impurity's spin operator, S(R 0 ) is the 2DEG's spin operator at the position R 0 , and J K is the exchange coupling between the impurity spin and the 2DEG. In what follows, we take J K >0.
Interestingly, this seemingly simple system exhibits nontrivial behavior in the infrared, due to quantum fluctuations -a strongly correlated state arises, where a cloud of conduction electrons forms a singlet with the impurity.
11 This strongly correlated state manifests itself via a resonance at (or near) the Fermi energy, referred to as the Kondo resonance (KR). This can be seen in Fig. 3 , where the imaginary part of the impurity's T -matrix is shown and, in particular, the KR appears. Furthermore, the width of this KR represents the dynamically generated scale characteristic of this strongly correlated state, the Kondo temperature T K .
11
The ME effects allow one to control the Kondo effect exhibited by the magnetic impurity in the QC; more generally, it allows one to control the magnetic properties of an atom placed in the QC. Indeed, Fig. 3 shows that the KR can be controlled by changing (the direction of) M. Furthermore, we see that the change in the KR depends on the position at which the impurity is placed 14 -one can control the impurity's properties in a desired way by a judicious choice of its position. It should also be noted that, besides impacting the properties of the magnetic impurity, the QC is also impacted by the magnetic impurity; the impurity's influence on the QC depends on its position. This can be seen in Fig. 4 , where a spatial scan of the quantity δA(r, E F )=A(r, E F )x−A(r, E F )ŷ -the difference in the LDOS (at E F ) between M=|M|x and M=|M|ŷ -is shown for different positions of the magnetic impurity. [Results obtained for a circular QC are qualitatively similar to those obtained for an elliptical QC.]
As we saw above, the ME effects allow manipulation of both the spatial and energy dependence of the QC's LDOS. As we now demonstrate, this change in the energy dependence of the DOS can be used for signal filtering. To this end, we place a molecule in the QC at the focus (c, 0), such that a vibrational mode (VM) of this molecule couples to the 2DEG of the QC; we investigate the image or "mirage" of the VM at the other focus (−c, 0). We describe the VM by
where x (p) is the position (momentum) operator of the VM, Ω is its characteristic frequency, n(R 0 ) is the 2DEG's density operator at the position R 0 =(c, 0), and g describes the coupling between the VM and the 2DEG. In what follows, we assume the coupling between the 2DEG and the VM to be weak.
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The QC enables signals to be transmitted between foci;
13 it also provides a "cloak of invisibility", similar to what has been achieved with electromagnetic fields, 17 where objects were made invisible within a certain frequency band. More specifically, the electronic properties of the QC govern the energy regime in which a signal transmitted from one focus can be observed at the other focus; in particular, signals within a certain frequency range can be hidden from observation. 16 This cloaking can be seen in Fig. 5 , where a density plot of the energy derivative of the LDOS |∂ ω A(r; ω)| is shown -even when the VM is visible at the focus in which it is sitting ( Fig. 5(a) and (b) ), the QC cloaks it from observation at the other focus for Ω within a certain range (Fig. 5(c)  and (d) ). 16 In this system, the ME effects allow the range over which cloaking occurs to be controlled by changing the orientation of M -compare the results for M=|M|x and M=|M|ŷ. Said in another way, the ME effects allow one to filter the signal transmitted from one focus to the other.
Up to now, we have considered the system's electronic properties, assuming the QC's wall to be FM ordered. We have also considered the magnetic properties of the wall and, in particular, the wall's magnetic ordering tendencies;
9 as the QC's wall is one-dimensional, fluctuations will suppress ordering, and an external field h is necessary to stabilize the order. Fig. 6 shows results for the QC's magnetization for various values of h. We see that the moments are disordered at zero field and, hence, the magnetization is zero; a nonzero magnetization is obtained as h is increased. We have found that a FM aligned wall is obtained from readily accessible magnetic fields -|h|≃0.2π(ρ 0 J) 2 E F ; for reasonable values of the parameters, this gives |h|=O(1meV). [It is worth noting such values are considerably lower than Kondo tem- peratures that have been observed from atoms/molecules on surfaces. 18 ] Furthermore, we have found the geometry can, in fact, be optimized, so that ferromagnetic ordering occurs at extremely small values of h.
This work demonstrates proof of principle of the functionality afforded by ME effects at the atomic scale; indeed, we were able to control the properties of systems placed inside the QC as well as their electronic signals/signatures. With a FM aligned wall, the ME effects allowed us to control the magnetic properties of atoms placed inside the QC, as well as to filter transmitted signals; different magnetization patterns for the wall, 20 as well as different QC geometries, could provide further flexibility and control. By placing several atoms/molecules inside the QC, one could engineer devices where the ME effects allow the entanglement 19 between atoms/molecules to be manipulated. It should also be mentioned that the ME effects allow manipulation of the properties of the QC's wall -the QC's wall itself provides a unique magnetic system with interesting properties, which could also afford means of transmitting and manipulating information. Assuming the coupling between the VM and the 2DEG to be weak (i.e. g is small), we take the VM into account perturbatively. To lowest nontrivial order, the QC's GF (taking into account the VM) is given by the diagram in Fig. 7 . Performing the Matsubara sum and analytically continuing to real frequencies, the T -matrix (in Eq. 9) is given byT
where A 0 (ν) is the corral's spectral function at the site R 0 -A 0 (ν) is such that the Matsubara GF can be written as
A 0 (ν) iω n − ν .
V. MAGNETIC PROPERTIES OF THE QUANTUM CORRAL'S WALL
As we are interested in the magnetic properties of the QC's wall, we return to Eqs. 7 and 8 -we integrate out the 2DEG and obtain an effective spin Hamiltonian;
6 the leading interaction generated 7 is given by 1, 8 
